The Mössbauer effect in a number of europium (III) complexes with ligands having nitrogen or oxygen as donor atoms has been studied at room temperature. A comparison of the resonance effects indicates significant differences between several of the complexes. High resonance effects are correlated with the polymeric nature of the complexes. The isomer shifts of the complexes have also been interpreted on the basis of the participation of 6s or/and 4f or 5p orbitals in the bond formation.
Introduction
In general, it has been found that the bonding in the rare earth compounds is mostly ionic
One can have a fairly good idea through Mössbauer studies about the nature of bonding in various compounds. Thus, Deeney, et al. 2 ' 3 have reported a partial covalent character in the bonds of certain europium complexes. They suggested that the possible mechanism by which the covalent bonding in the compounds arises could be through a partial transfer of electron density from the ligand of 4f orbitals whereby the electronic configuration of Eu +3 changes to 4f 6 + ;r 5s 2 5p 6 , where 0<:r<l. However, Targin and Eisenstein 4 proposed that the isomer shifts of most of the Eu +3 complexes could be explained on the basis of non-zero density of 6s electrons at the europium nucleus and the partially covalent bond involving the participation of 5d and 6s orbitals. Besides, Mössbauer studies have been carried out only on a few r europium compounds [2] [3] [4] [5] [6] [7] [8] . It will, therefore, be interesting to study the Mössbauer effect of some of those europium complexes in which the metal ion is in different environments and also in various oxidation states. Such studies will tell us about the nature of the bonding in the europium complexes.
In this paper we report on Mössbauer studies of some Eu +3 complexes with ligands containing oxygen or nitrogen as donor atoms. An attempt has been made to interpret the data on the basis of 4f or 6s orbital participation in forming covalent bonds. The resonance effects in these complexes have also been studied in order to investigate the extent of polymerism in the complexes.
Experimental
All the reagents used were either chemically pure or Analar grade.
a) Preparation of the Complexes
The complexes given in Table 1 have been prepared by standard methods given in the literature 9 The purity of the samples was determined by chemical analyses.
b) Mössbauer Studies
The details of the Mössbauer spectrometer have been discussed elsewhere 18 . An ND 512 multichannel analyzer was used in the multiscaling mode for data acquisition. The spectrometer was operated in the sinusoidal velocity mode. The folding point was determined accurately to a fraction of a channel corresponding to the maximum velocity. The zero of the spectrometer was obtained with the help of the accurately measured drive-frequency, and the memory advance frequency. In the spectrometer used by us, both these frequencies were derived from the same crystal oscillator. Thus, the zero of the spectrometer was fixed without any external calibration standards. In all our measurements the zero of the spectrometer was also checked independently with standard absorbers. Standard spectra of the enriched iron were obtained both before and after the spectrum of each europium compound was taken up.
A 10 mc Sm-151 source in the form of Samarium oxide procured from Harwell was used for all measurements. The 21.6 keV j'-rays of Eu-151 were detected in a 2 mm thick Nal(Tl) crystal coupled to a RCA 6342 photomultiplier and an ORTEC Model 410 linear amplifier. The resonance effect (dip multiplied by experimental line width) observed for the europium oxide absorber was approximately 40%. Accurately weighed absorbers were sandwitched between two cellulose tapes and were fixed in a standard geometry in a lead block. The errors were obtained from the uncertainty in locating the peak positions. In general, we have given high estimates of the errors. The names of the complexes, their respective sample thicknesses, linewidths, resonance effects and the isomer shifts are given in Table 1 . Some of the sample spectra obtained are given in Figure 1 .
Results and Discussion a) Resonance Eßect
The resonance effect in the complexes were calculated from the area under the resonance absorption curve which has been shown to be preferable to the method in which the effect is calculated by computing the percentage decrease in count rate 19 . It is clear from the data that there does not exist an inverse relationship between the resonance effect and the molecular mass 2 ' 5 . When the resonance effects in the carboxylate complexes were compared, it is noteworthy that for the formate and the salicylate complexes these values are nearly ithree times greater than those of most of the other carboxylate complexes. It appears that the intermolecular forces in these complexes are larger than those in other carboxylate complexes. These forces may occur as a result of bridging carboxylate groups as in the aminopoly-carboxylate complexes 3 . Or, there may be a strong intermolecular hydrogen bonding, especially in the salicylate complex. Similarly, the comparatively large resonance effect in the oxalate complex may be explained on the basis of the intermolecular bonding through carboxylate groups.
The magnitude of the resonance effect for the 1,10-phenanthroline complex indicates its polymeric nature. 1,10-phenanthroline is a big molecule and the polymeric nature of the complex may be due to steric factors which may prevent the ligands to form a monomeric species. Or, it may be due to strong intermolecular hydrogen bonding through water molecules.
The high resonance effect of the nitrate complex is interesting. As indicated by its isomer shift, the forces between the nitrate ion and the europium ion are electrostatic. Therefore, the polymerism in the nitrate complex should be due to strong intermolecular hydrogen bonding.
No doubt the resonance effects indicate the polymeric nature of some of the complexes, but additional structural work has to be done to establish the nature of the intermolecular forces and also to know why a particular carboxylic acid forms a polymeric species while the others form complexes having limited or practically no intermolecular forces. It is possible that steric hindrance and the size of the chelate ring are two of the many factors in forming the polymeric species.
b) Isomer Shift
The isomer shift is given by where ®/ y (0) a 2 and '/'(O) s 2 indicate the densities at the absorber and source nuclei respectively and A(R 2 ) = (R 2 ex) -(Rp 2 ), Since the A (R 2 ) term is positive in europium, a decrease in the isomer shift will indicate a decrease in </'(0) a 2 relative to the source. This change in electron density at the nuclei depends on two factors: (a) shielding by the electrons in the 4f or 5p orbitals 4 and (b) increasing participation of ithe 6s orbital 2 .
The isomer shifts are in ithe range of -0.1 to -0.6 mm/sec. Since the removal of one electron from the 4f orbital (Eu +2 Eu +3 ) corresponds to a shift of 15 mm/sec, the maximum degree of covalency in the complexes is estimated to be about 4%. This agrees well "with the reported values 2 ' 4-20 .
The isomer shift for EUC13 -6H20 is much smaller than that for EU (N03)3 • 6 H20. It indicates a larger shielding of the s electrons by the 4f or 5p orbital electrons in the chloride complex as compared to ithat in the nitrate complex. It has been shown by X-ray diffraction that in the chloride complex there is a direct metal to chlorine bond 21 . Thus, the larger electron density of the 4f orbital in the chloride complex may be due to the donation of the p.T electrons of chloride to 'the 4f orbitals of europium. The donation by the halide may also consist in a partial displacement of the 5p electron density to the unfilled 4f orbitals, followed by the transfer of electron density of ithe p7 orbitals of the chloride ion to the 5p orbitals of the metal. In both cases the effect on the isomer shift will be the same. Such a rr-electron donating property of the chloride ion is well known in the literature 22 . In the nitrate complex no such donation of electrons from the nitrate ions is possible. As a result of this, the isomer shift in the nitrate complex is larger than that in the chloride complex.
The isomer shift differences in Eu (phen) 2C13H20 and Eu(dip)2Cl3' H20 may also be explained on the basis of a higher double bond character (back-donation) of the Eu-N bond in the 1,10-phenanthroline complex relative to that in the dipyridyl complex. In these complexes the back donation of the electrons is from the 4f or the 5p orbitals of the metal ion to the antibonding orbitals of the 1,10-phenanthroline and dipyridyl molecules. It is well known that 1,10-phenanthroline is a stronger rr-acceptor than dipyridyl 23 . The higher double bond character of the M-N bond in the 1,10-phenanthroline complex is also reflected by the shift in the position of the band arising due to r(M-N) towards higher wave numbers in its i.r. spectrum 24 . Thus, 1,10-phenanthroline, being a stronger rr-acceptor, polarizes the 4f or 5p electron density more towards itself as compared to that in the dipyridyl complex. This will result in a weaker shielding of the s electrons in the 1,10-phenanthroline complex, an effect which is clearly shown by the values of their isomer shifts.
In Eu(H Sal);}-2 H20, the phenyl ring can participate more in the derealization than in Na Eu[ (phth)2]-4 H.,0. Therefore, it can be safely assumed that the spin density of the unpaired electrons, formally restricted to the 4f orbitals of the metal, actually moves out into the .T-system of the ligand. This type of sharing of the electrons is known for the transition metal acetylacetonates. Thus, the larger sharing of the 4f or 5p electron in the derealization process in the complex, Eu(HSal) 3'2H20, as compared to the phthalate complex will decrease the shielding of the s-electron by the 4f or 5p electrons. This will result in a rela-tively larger isomer shift as compared to the phthalate complex.
The above isomer shifts are explained by involving the electrons in the 4f or 5p orbitals. However, these isomer shifts can not be explained by invoking the participation of the 6s orbitals. Besides, 6s orbitals can not participate in the rr-bond formation due to symmetry reasons.
In the complexes of the type Eu (RC02) 3 • 2 H20 the isomer shift increases as: R = H<CH3<C13C <CGH3 «I p-O-jN -C6H4 . It appears that in order to explain the isomer shifts in the series the participation of both the 6s orbital and the 4f or 5p orbital is necessary. The higher value of the isomer shift of the acetate complex as compared to that of the formate complex is due to the higher donation of a electrons of the acetate ion to the 6s orbital of the metal. This higher donation is due to a positive inductive ( + 1) effect of the CH3 group compared to H. This effect will make a higher electron density at the europium nucleus in the case of acetate, and thereby a larger isomer shift will result. A second factor which might affect the isomer shift in these complexes may be that the JT-electron density of the COO -group is also participating in the metal 4f or 5p orbitals. If the effect due to sesond factor is larger than that of the first one, shielding will be greater which will make the isomer shift smaller and vice versa. The strong -I effect of the Cl3C-group in the europium trichloracetate complex will make the 6s electron density comparatively smaller than that in acetate complex. This should produce a lower isomer shift in the trichloracetate complex. But at the same time the ^-electron density will participate relatively less in the 4f or 5p orbitals which will tend to produce a larger isomer shift. It appears that in the trichloracetate complex, it is the second factor which dominates, thus producing a larger isomer shift. This increase in the ionic character of the metal oxygen bond in the lanthanides with the successive replacement of protons of the CH3 group by the chlorine atoms, was also found in the isotropic proton shifts of the NMR data 25 .
It is interesting to note the high covalency as well as high resonance effect in the formate complex. It is very difficult to pin point any definite reason for this peculair behaviour but, as mentioned, it may be possible that by some mechanism, p7 donation of the COO -group to the metal 4f or 5p orbitals in the formate complex is enhanced as compared to other carboxylate complexes providing a higher covalency in the M-0 bond of the formate complex.
In the benzoate and p-nitrobenzoate complex possibly it is due to the resonance of the .T-electrons of the phenyl ring with the pT electrons of the COOgroup by which the n electron on the oxygen atoms will be less available for participation in the 4f or 5p orbitals. This will increase the value of '/ y (0) |a 2 compared to the other carboxylates. Similar isomer shifts in the benzoic acid and p-nitrobenzoic acid complexes suggest practically no effect on the nature of M-0 bond by the N02 group in the para position.
